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We propose a novel architecture for scalable quantum computation based on quantum actuated
decoherence-free (DF) qubits. Each qubit is encoded by the DF subspace of a nuclear spin pair
and has long coherence time. A nitrogen-vacancy center in diamond is chosen as the quantum
actuator to realize initialization, readout and universal control of DF qubits with fidelities higher
than 99%. It reduces the challenge of classical interfaces from controlling and observing complex
quantum systems down to a simple quantum actuator. Our scheme also provides a novel way to
handle complex quantum systems.
Quantum computation has great potential to exceed
the computational efficiency of any classical computers
for certain tasks [1], such as factoring large numbers
[2], machine learning [3] and simulation of quantum sys-
tems [4]. To implement the quantum computation, all
the DiVincenzo criteria, i.e., a scalable physical system
with well characterized qubits, initialization, long co-
herence times, a universal set of quantum gates and a
measurement capability, must be fulfilled simultaneously
[5]. Various physical systems have been proposed for
quantum computation, ranging from superconductors [6],
trapped ions [7], semiconductors [8], quantum dots [9]
and dopants in solids [10], molecular magnets [11] to hy-
brid systems [12]. In these quantum computation propos-
als, qubits are usually classically actuated, where classi-
cal interfaces work on qubits directly. There are several
challenges for quantum computation driven by classical
interfaces (upper panel of Fig. 5(a)). Firstly, if qubits are
coupled to the classical interface more strongly for faster
quantum gates, qubits may suffer more serious dephas-
ing effect due to their stronger couplings to the general
environment. Secondly, for large-scale quantum compu-
tation, with the increase of qubits, the Hilbert space will
grown exponentially, which dramatically increases the
difficulty to control such a complex quantum system by
classical interfaces. Due to the imperfections and limita-
tions of classical interfaces, to satisfy all the Divincenzo
criteria is still very challenging, especially for large-scale
quantum systems.
Here, we propose a novel solid-state architecture for a
scalable quantum computation based on DF qubits and
a quantum actuator. Pairs of nuclear spins are utilized
to construct DF qubits which are immune to collective
noise and have long coherence time. The quantum ac-
tuator as described by S. Lloyd [13], is a medium that
connects the quantum system of interest to the classical
interfaces (see lower panel of Fig. 5(a)). All the pro-
cessing of qubits, such as initializing, detecting and con-
trolling are accomplished by the coupled quantum actu-
ator. This reduces the difficulty of classical interfaces
from manipulating an exponential Hilbert space down
to a simple quantum system. In addition, the quantum
actuator avoids the problems induced by classical inter-
faces, such as the voltage fluctuations of Kane’s A-gate,
which is one of the decoherence sources [8]. Obviously,
it is important to find a suitable physical candidate for
the quantum actuator, which requires to be well handled
by classical interfaces and has appropriate couplings with
qubits. In our proposal, a nitrogen-vacancy (NV) center
in diamond is used as the quantum actuator, because it
has long coherence time, even approaching one second
[14], and can be individually polarized, manipulated and
detected with high fidelity [15, 16]. The effect of imper-
fection from classical control can be well suppressed by
the state-of-art technology. Some other candidates for
the quantum actuator, such as SiC defects [17], may also
be feasible in our proposal. We show that initializing,
detecting and universal controlling the DF qubits can
be achieved with high fidelities. Our approach provides
a scalable solid-state architecture for quantum compu-
tation, and also put forward a novel fashion to process
large and complex quantum systems.
The proposed architecture of quantum computation is
shown in Fig. 5(b). Each blue solid circles stands for a
DF qubit encoded in a homonuclear spin pair. Under
environment effect, a single nuclear spin state undergoes
the transformation, for example, (|↑〉+ |↓〉)/√2→ (eiφ|↑
〉 + eiφ′ |↓〉)/√2, which will finally evolve into a mixed
state due to averaging over random phase differences
φ−φ′. In contrast, since (|↑↓〉± |↓↑〉)/√2→ (eiφ|↑〉eiφ′ |↓
〉 ± eiφ′ |↓〉eiφ|↑〉)/√2 = ei(φ+φ′)(|↑↓〉± |↓↑〉)/√2, these
two-spin states are invariant under collective dephasing.
Hence the collective dephasing can be eliminated within
the DF subspaces spanned by (|↑↓〉± |↓↑〉)/√2. The DF
qubits have long coherence times because of their im-
munities to collective noise. Here, a molecule with two
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2neighboring identical nuclear spins can be used to encode
such a DF qubit. Endohedral fullerenes and halogenated
fullerenes, such as a single molecule of water encapsulated
in a fullerene (H2O@C60) [18] and a fullerene containing
two fluorine atoms [19], are applicable candidates. In
our model, the molecule H2O@C60 is taken as an exam-
ple. By utilizing the scanning probe techniques with high
resolution, the nano-scaled fullerenes can be precisely po-
sitioned [20], constructing a large number of well-ordered
qubits. An array of DF qubits can be positioned with an
appropriate separation distance, i.e. 2 nm, and the direct
coupling between two DF qubits is at the sub-hertz level,
which is negligible. This distance is also far enough for in-
dividually controlling target DF qubit when a quantum
actuator locates above it, while close enough to entan-
gling DF qubits via a quantum actuator located between
them (see the details in supplemental materials (see de-
tails in Supplementary Material)). Coupling between the
quantum actuator and a DF qubit can lead to the transfer
of states between them, which can be utilized to initialize
and to measure the DF qubit. When the quantum ac-
tuator maintains on distinct eigenstates, the designated
DF qubit will evolve under different Hamiltonians. Via
engineering the actuator’s states, a full controllability of
a single DF qubit can be achieved. Additionally, non-
trivial two-qubit gates, i.e. a CNOT gate, can also be
accomplished through an indirect interaction bridged by
the quantum actuator. Thus a universal set of quantum
gates for DF qubits is achieved. Detailed descriptions are
given as follows.
Hamiltonian. The external static magnetic field B0
with strength of 500 Gauss is set along the NV symmetry
axis ([1 1 1] crystal axis) and the intrinsic nitrogen nu-
clear spin can be polarized by laser pumping. The polar-
ization of the nitrogen nuclear spin can also be achieved
with other field strength [21]. The total Hamiltonian of
the system is composed of three parts, the quantum ac-
tuator (an NV center), the nuclear spin pairs and their
interactions, written as
H0 = HNV +Hpairs +HNV-pairs. (1)
The Hamiltonian of the quantum actuator is given by
HNV = DS
2
z + ωeSz, where S is the spin-1 operator,
ωe is the Zeeman frequency corresponding to the static
magnetic field B0, and D = 2.87 GHz is the zero-field
splitting. The energy levels of the quantum actuator are
shown as inset labelled by 1 in Fig. 5(b). The quan-
tum actuator can be driven with microwave (MW) pulses
for the transition, e.g. |0〉 ↔ |+1〉 (or alternatively
|0〉 ↔ |-1〉), reduced to an effective two-level system. The
ground state of this quantum actuator can be optically
initialized and detected.
The Hamiltonian of nuclear spin pairs is written as
Hpairs =
∑
m
(ωiI
m,p
z +ωiI
m,q
z + I
m,p ·Dm,pq · Im,q), where
Im,p and Im,q are spin-1/2 operators for spins in mth spin
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FIG. 1. Architecture of quantum computation. (a) Compar-
ison of two types of architectures for quantum computation.
The upper panel shows the schematic diagram of classically
actuated quantum computation, in which classical interfaces
interact with the qubits directly. The lower panel shows the
schematic diagram of quantum actuated quantum computa-
tion, in which a quantum actuator is introduced to control
the qubits and classical interfaces act on the quantum actu-
ator. (b) Detailed architecture of quantum actuated quan-
tum computation. Ordered qubits (blue solid circles) array
on the base with appropriate separations. Inset labelled by 1
shows the atomic structure and energy levels of the NV cen-
ter (the quantum actuator), which is manipulated by MW
pulses (MW1 and MW2), and polarized/read by green/red
laser pulses. Inset labelled by 2 shows the energy levels of
the nuclear spin pair and some candidate molecules for en-
coding DF qubits, such as H2O@C60 and C60F2. Each qubit
is encoded in the decoherence-free subspace (DFS) of a pair
of nuclear spins.
pairs, ωi is the nuclear spin Zeeman frequency, and D
m,pq
is the interaction tensor between nuclear spin P and Q
in mth spin pairs. The interaction between the quan-
tum actuator and the nuclear spin pairs is HNV-pairs =∑
m
(S · Dm,p · Im,p + S · Dm,q · Im,q), where Dm,p(q) is
the interaction tensor between the quantum actuator and
the nuclear spin P (Q) in mth spin pairs. The energy
levels of the nuclear spin pair are shown as inset la-
belled by 2 in Fig. 5(b), where |T+1〉 =|↑↑〉, |T−1〉 =|↓↓〉,
|T0〉 = (|↑↓〉+ |↓↑〉)/
√
2 and |S0〉 = (|↑↓〉− |↓↑〉)/
√
2. The
logical bases of DF qubits are defined by |0〉L ≡ |S0〉 and
|1〉L ≡ |T0〉. DF subspace has been widely studied both
theoretically and experimentally [22–24]. Recently, the
DF subspace composed of a pair of 13C nuclear spins was
demonstrated in Ref. [25]. Here, we can use the regular
pairs of extrinsic protons to construct DF qubits. The
DF qubits are robust to decoherence, for example, uni-
form static or dynamic magnetic field fluctuations can be
eliminated within the DF subspace as described above,
while some other noises such as the unwanted hyperfine
interactions with spin bath can also be dramatically sup-
pressed [26]. Additionally, through controlling the quan-
tum actuator, dynamic decoupling on DF qubits can even
be accomplished to resist decoherence. Thus we can ex-
3Laser
MW1
RF RF1
SWAP
RF2
(a)
(b)
  S0   S0 Id IdId
……
(c)
  T0
  T+1
  T−1
MW1
RF1
RF2
  S0
𝜋
2 SWAP
𝜋
2 SWAP
𝜋
2
𝜌i =  pi   ψi   ψi , (i = 1- 4)
2
  S0
  S0
  S0
  T−1
  S0
  S0
  S0
  S0
  S0
  S0
  T+1
  T−1
  ψ2 =   T0
  ψ3 =   T+1
  ψ4 =   T−1
1 3
𝜌f =   S0   S0
1 2 3
  ψ1 =   S0
FIG. 2. Initialization of the DF qubit. (a) The initialization
of DF qubits. Qubits are initialized one by one via the quan-
tum actuator. (b) Pulse sequences applied on the quantum
actuator for initialization. Laser pulses are used to polarize
the quantum actuator to the state |0〉. The subsequent MW1
pi/2 pulses prepare the actuator on the state (|0〉−|1〉)/√2. A
SWAP gate is applied to initialize the nuclear spin pair states
in the DF subspace to state |S0〉. RF pulses, RF1 and RF2,
are used to turn the nuclear spin pair’s states |T+1〉 and |T−1〉
into the DF subspace, respectively. (c) Evolutions of different
nuclear spin pair states under the pulses in (b). DF qubits
can be finally initialized to the singlet state |S0〉.
pect a longer coherence time of the DF qubits than the
single nuclear spins [23, 26, 27] whose coherence time can
reach even up to hours [28].
Initialization and readout. Polarizing nuclear spins
usually requires extreme high magnetic fields and low
temperature, and reading out nuclear spins directly is
also challenging due to their small magnetic moments,
especially for nuclear spin pairs used here. There is only
an experiment to sense the coupling of a pair of 13C in
diamond by the NV center [29]. The method to obtain
the states of a nuclear spin pair still remains elusive. To
overcome this difficulty, we use a quantum actuator as
initialization and measurement interfaces for the nuclear-
spin pair DF qubit.
For the initialization and readout procedures, the
quantum actuator is located above the target DF qubit
and other neighboring qubits are about 2 nm away. Thus
the couplings between the quantum actuator and other
DF qubits can be ignored (see details in Supplementary
Material). Thus the evolution of the quantum actuator
during initialization/readout processes of the target DF
qubit will not influence other qubits. As the Zeeman fre-
quency of the nuclear spin pair under the magnetic field
is much larger than the dipole-dipole interactions, the
spin-flip process between the inside and outside of the
DF subspace can be suppressed. If required, stronger
magnetic field can be adopted in principle. In the elec-
tron spin rotating frame, the Hamiltonian for the system
composed of a quantum actuator and a DF qubit is re-
duced to
HL = ω1(cosϕsx + sinϕsy) +AI
L
x + 2B(sz +
1
2
)ILz ,
(2)
where IL is the spin-1/2 operator for the logical DF qubit,
s is the effective spin-1/2 operator for the quantum ac-
tuator. The first term is the Hamiltonian of the driving
field on the quantum actuator, with ω1 the Rabi fre-
quency and ϕ the phase of resonant driving field. The
second term represents the DF qubit Hamiltonian, with
parameter A being the inter-nuclear dipolar interaction
strength. The last one describes the interaction between
the quantum actuator and the DF qubit, with parameter
B being the difference of the two NV-single nuclear spin
couplings (see details in Supplementary Material).
The nuclear spin pairs are approximately a totally
mixed state ρi at room temperature. Figs. 6(a)-(c)
show the procedures to prepare the spin pair from to-
tally mixed state to the singlet state |S0〉. For the pop-
ulation being initially in the DF subspace, the term
2B(sz + 1/2)I
L
z provides the interaction between the
quantum actuator and the DF qubit. Optimal quantum
control on the quantum actuator can be used to consti-
tute a SWAP gate between the DF qubit and the actu-
ator. We take a representative case of A = −12.7 kHz
and B = −6.0 kHz as an example (see Ref. (see details in
Supplementary Material) for the geometric arrangement
of the spins involved). The pulse sequences are shown
in Fig. 6(b). The quantum actuator is polarized with a
green laser pulse and is then prepared via applying a pi/2
pulse along y axis to the state (|1〉−|0〉)/√2. A pulse se-
quence with adjustable ϕ and ω1 can be designed to swap
the state of the actuator to the DF qubit. GRadient As-
cent Pulse Engineering (GRAPE) algorithm [30] is used
to design the required MW sequence on the actuator. A
150 µs sequence of pulses forming a SWAP gate with
fidelity over 99% with noise effects (see details in Supple-
mentary Material). After the initialization of the states
in the DF subspace, the quantum actuator is polarized
to |0〉 by lasers again to cut off its coupling with the DF
qubit so as to protect the DF state |S0〉. The decoherence
of DF qubits induced by the pumping process is negligible
due to the weak hyperfine couplings between the quan-
tum actuator and the DF qubits [26, 31]. For the states
of the nuclear spin pair initially out of the DF subspace,
resonant RF pi pulses, RF1 and RF2, are applied to turn
the states into the DF subspace (see details in Supple-
mentary Material). Then the laser and the MW sequence
for the initialization of |S0〉 are applied (shown as blocks
labelled by 2 and 3 in Fig. 6(b)). In addition, once the
DF qubit is prepared into the singlet state |S0〉, it will
keep its state even under radio frequency (RF) pulses. By
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FIG. 3. Manipulation of the DF qubit. The quantum ac-
tuator is switched among eigenstates |0,±1〉 by MW1 (or-
ange arrows) and MW2 (yellow arrows) pi pulses. Depending
on the quantum actuator’s states, the state of the DF qubit
rotates around distinct axes defined as n0 = sign(A)xˆ and
n±1 = A/Ω±1xˆ± 2B/Ω±1zˆ, where Ω±1 = (A2 + 4B2)1/2.
applying the pulses of these blocks in Fig. 6(b) sequen-
tially, the DF qubit can be finally prepared to the singlet
state |S0〉 from a mixed state as shown in Fig. 6(c). The
fidelity of the whole initialization procedure is estimated
over 99%. The singlet state |S0〉 has very long life time,
which is even longer that T1 of each nuclear spin [26].
Our methods are also appropriate for other different A
and B values (see details in Supplementary Material).
Via moving the quantum actuator to various locations of
different DF qubits, each DF qubit can be initialized to
|S0〉 individually with high fidelity.
The readout of DF qubits can also be realized by sim-
ilar methods as the initialization. We can also use a
SWAP gate to map the DF qubit states onto the ac-
tuator. Then the measurement of the quantum actua-
tor, which has already been well solved [15], provides the
high-fidelity readout of DF qubits.
Universal quantum gates. Couplings between the
quantum actuator and DF qubits provide a way to ma-
nipulate DF qubits by engineering the actuator. For the
single-qubit manipulation, the quantum actuator is lo-
cated above the target DF qubit. The DF qubit will
rotate around distinct axes depending on the quantum
actuator’s eigenstates as shown in Fig. 7. When the
actuator is polarized to state |0〉, the coupling term
2B(sz + 1/2)I
L
z vanishes and the DF qubit is decoupled
from the actuator. The state of the DF qubit will ro-
tate around −x axis at a speed of Ω0 = |A| = 12.7 kHz.
When the quantum actuator is switched onto the states
| ± 1〉, the rotation axes are n±1 = A/Ω±1xˆ± 2B/Ω±1zˆ,
where Ω±1 = (A2 + 4B2)1/2 = 17.5 kHz is the speed.
This process is limited by the T1 relaxation time of the
quantum actuator, which can reach several milliseconds
even at room temperature. Rotations along two noncom-
mutable axes construct a universal set of single-qubit gate
[1]. And we can time-optimally control the qubit by de-
signing an appropriate sequence of actuator’s states [32].
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FIG. 4. CNOT gate between DF qubits. (a) The quantum
actuator locates between two qubits, so as to realize a CNOT
gate between the DF qubits. (b) The designed pulse sequence
for the CNOT gate. The pulses are applied on the quantum
actuator along x axis (blue) and y axis (green) alternately.
The gate fidelity is higher than 99% even with noise effects.
Two-qubit gates can also be realized with the quan-
tum actuator. When the actuator locates between two
DF qubits, it will couple with both of the DF qubits
(Fig. 4(a)). Optimal quantum control can be used to
construct two-qubit gates [16]. Through applying on the
quantum actuator a sequence of MW pulses obtained
from the GRAPE algorithm, a two-qubit operation, i.e.,
the CNOT gate between two DF qubits, can be achieved.
Thus the universal set of quantum gates can be realized
by combining single-qubit and CNOT gates. Two neigh-
bouring DF qubits with parameters A1 = −12.7 kHz,
B1 = 8.0 kHz, A2 = −5.2 kHz and B2 = −3.7 kHz are
considered as an instance in the simulation (see details
in Supplementary Material). The pulse sequence shown
in Fig. 4(b) is an example obtained via the GRAPE al-
gorithm. The pulses are along x and y axes alternately
and the total time of the sequence is 500 µs with each
MW pulse of 5 µs. The CNOT gate fidelity is higher than
99% even with noise effects (see details in Supplementary
Material). Here, typical mechanical speed of moving tips
(quantum actuator) can be around 0.23 nm/µs [33]. Thus
the cost time of moving actuator can be neglected com-
paring with the quantum gates. With single qubit gates
and two-qubit CNOT gates, universal quantum gates can
be realized [13].
Scalability. In our architecture, the array of well-
prepared DF qubits spans a large Hilbert space with a
dimension of O(2N ), where N is the number of qubits.
A universal set of quantum gates can be applied on the
DF qubits under the help of the quantum actuator with
5high fidelities exceeding the threshold required for a fault-
tolerant quantum information processing implementation
[34]. Quantum information can be transferred through-
out the system by sequentially moving the quantum actu-
ator between neighboring DF qubits. To connect any two
qubits requires no more than O(N) pairwise operations
intermediated by the quantum actuator. Arbitrary quan-
tum logic transformations can be performed on qubits in
a pairwise form. As a result, any desired quantum logic
circuit of n logic gates can be built up in O(nN) opera-
tions [13].
In summary, we have put forward a scalable architec-
ture for quantum computation based on quantum actu-
ated nuclear-spin DF qubits. By utilizing the NV elec-
tron spin in diamond as the quantum actuator, initial-
ization, readout and manipulation of DF qubits can be
realized. In addition, DF qubits are immune to collective
noise, allowing the information to survive for a period
extended by orders of magnitudes compared to that of
nuclear spins. The scalability of the computation is also
discussed. Our results provide a promising candidate for
large-scale quantum computation within the reach of po-
tential experimental technologies.
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SUPPLEMENTARY MATERIAL
I. HAMILTONIAN SIMPLIFICATION
The total Hamiltonian of our architecture composed of
a quantum actuator and nuclear spin pairs is described
as
H0 = HNV +Hpairs +HNV−pairs. (3)
The Hamiltonian of the quantum actuator is given by
HNV = DS
2
z + ωeSz, (4)
where S is the spin-1 operator, ωe is the Zeeman fre-
quency corresponding to the static magnetic field B0, and
D = 2.87 GHz is the zero-field splitting of the NV center.
The Hamiltonian of the nuclear spin pairs is written as
Hpairs =
∑
m
(ωiI
m,p
z + ωiI
m,q
z + I
m,p ·Dm,pq · Im,q), (5)
where Im,p and Im,q are spin-1/2 operators for nuclear
spins in mth spin pairs, ωi is the nuclear spin Zeeman
frequency, and Dm,pq is their interaction tensor between
spin P and Q. The couplings between different nuclear
spin pairs are small enough (at Hertz level) to be ne-
glected.
6The interactions between the quantum actuator and
nuclear spin pairs are
HNV-pairs =
∑
m
(S ·Dm,p · Im,p + S ·Dm,q · Im,q), (6)
where Dm,p(q) is the interaction tensor between the quan-
tum actuator and the nuclear spin P (Q) in mth spin
pairs.
For the process of initialization, readout and single-
qubit control, the quantum actuator locates above the
target DF qubit with other nuclear spin pairs being ig-
nored because of the weak couplings (see details in Part
II). The Hamiltonian of the system composed of the
quantum actuator and one pair of nuclear spins (m = 1)
is
Hpair = ωiI
p
z + ωiI
q
z + I
p ·Dpq · Iq,
HNV-pair = S ·Dp · Ip + S ·Dq · Iq.
(7)
As the large zero-field splitting allows for the secular ap-
proximation, the effective Hamiltonian of the interactions
can be rewritten as
HNV-pair =
∑
j=x,y,z
(DpzjSzI
p
j +D
q
zjSzI
q
j ). (8)
Here we take the dipole-dipole interaction as an exam-
ple. The Zeeman splitting ωi of nuclear spins under the
magnetic field is much larger than the interactions, i.e.,
ωi > D
pq
ij , D
p(q)
ij . If required, stronger magnetic field
can be adopted in principle. The polarized nuclear spin
states |T+1〉 =|↑↑〉 and |T−1〉 =|↓↓〉 are energetically sepa-
rated from the unpolarized states |T0〉 = (|↑↓〉+ |↓↑〉)/
√
2
and |S0〉 = (|↑↓〉− |↓↑〉)/
√
2 which span a DF subspace.
There is no leakage between the inside and outside of the
DF subspace. The Hamiltonians of the DF qubit and its
coupling with the quantum actuator are given by
HDF =
1
2
(Dpqxx +D
pq
yy)I
L
x −
1
4
Dpqzz ,
HNV-DF =
1
2
(Dpqyx −Dpqxy)SxILy + (Dpzz −Dqzz)SzILz ,
(9)
where IL is the spin-1/2 operator for the logical DF qubit,
defined as
ILx =
1
2
(|↑↓〉〈↓↑| + |↓↑〉〈↑↓|),
ILy =
1
2
(−i |↑↓〉〈↓↑| +i |↓↑〉〈↑↓|),
ILz =
1
2
(|↑↓〉〈↑↓| − |↓↑〉〈↓↑|).
(10)
As Dpqyx equals to D
pq
xy, and
1
4D
pq
zz only induces overall
phase, the Hamiltonian of NV-DF system can be reduced
to
HL0 = DS
2
z + ωeSz +AI
L
x + 2BSzI
L
z , (11)
where A = 12 (D
pq
xx +D
pq
yy) and B =
1
2 (D
p
zz −Dqzz).
When the quantum actuator is driven by the mi-
crowave (MW) pulses on resonance with transition |0〉 ↔
|+1〉 (or alternatively |0〉 ↔ |-1〉), it is reduced to an ef-
fective two-level system. In the electron spin rotating
frame, the Hamiltonian of the quantum actuator with
the control field is
HeffNV = ω1(cosϕsx + sinϕsy), (12)
where ω1 is the Rabi frequency and ϕ is the phase of
resonant driving field. s is the effective spin-1/2 operator
for the quantum actuator, defined as
sx =
1
2
(|+1〉〈0|+ |0〉〈+1|),
sy =
1
2
(−i|+1〉〈0|+ i|0〉〈+1|),
sz =
1
2
(|+1〉〈+1| − |0〉〈0|).
(13)
In the rotating frame, the Hamiltonian of NV-DF system
under the control field takes the form
HL = ω1(cosϕsx + sinϕsy) +AI
L
x + 2B(sz +
1
2
)ILz .
(14)
II. ESTIMATION OF COUPLING STRENGTH
For the process to handle with one DF qubit, such as
the initialization and readout, the quantum actuator is
located above the target DF qubit (qubit-i) and far away
from the others (Fig. 5(a)). The coordinate system is de-
fined as shown in the inset labelled by 2 in Fig. 5(a). z
axis is set along the N-V symmetry axis ([1 1 1] crys-
tal axis), which is also perpendicular to base surface for
convenience. x and y axes are along the directions of DF
qubit array. The midpoint of the nuclear spin pair is set
as the origin. θ represents the angle between vector r
and z axis, and φ is the angle between the projection in
xy plane and x axis.
The inter-nuclear dipolar interaction strength A =
1
2 (D
pq
xx + D
pq
yy) is dependent on the relative position of
nuclear spin P and Q. As the distance between two pro-
tons in H2O is fixed, 0.1635 nm, the angles θ and φ are the
variables. Averaging the orientation of the nuclear spin
pair, distribution of |A| can be calculated as shown in
Fig. 5(b). The most probability of values locates around
14 kHz, which we used in the simulations.
The NV-DF interaction B = 12 (D
p
zz −Dqzz) is the dif-
ference of the two NV-single nuclear spin couplings and
is relevant with three spins’ positions. The distribution
of |B| can be calculated as shown in Fig. 5(c) with the
actuator locating in the range of 1.2 < h < 1.5 nm and
d < 0.4 nm, and rpq being along arbitrary direction. The
value of -6.0 kHz used in the simulation is a representa-
tive case.
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FIG. 5. Initialization of the DF qubit. (a) The quantum
actuator initializes the target DF qubit i. The internal nuclear
spin coupling are denoted as A (blue). The quantum actuator
interacts with the target DF qubit with coupling strength B
(orange), and with the neighboring DF quibt with strength
B′ (yellow). h and d represent the vertical and horizontal
distance between the quantum actuator and the midpoint of
the nuclear spin pair. Inset labelled by 1 shows the atomic
structure. Inset labelled by 2 shows the coordinate system.
z axis is along the N-V symmetry axis ([1 1 1] crystal axis),
which is also perpendicular to base surface. x and y axes are
along the direction of the DF qubit array. Vector r represents
the alignment of two spins. θ is the angle between vector and
z axis, and φ represents the angle between the projection in
xy plane and x axis. (b)-(d) Distribution of coupling strength
|A| (b), |B| (c) and |B′| (d).
The couplings between the quantum actuator and
other DF qubits are unwanted in the initialization pro-
cess. Here we estimate the coupling strength between the
quantum actuator and the nearest neighboring DF qubit
(2 nm away), denoted as B′, with results in Fig. 5(d).
When the value of B locates at a common position, e.g.
6 kHz, the maximum of B′ is smaller than one fifth of B.
And we can even adjust the position of quantum actuator
with the smallest possible valve of B′. Other remote DF
qubits can also be neglected because coupling strength
decays rapidly with the increase of distance.
III. MW PULSE SEQUENCE
In the initialization procedure, a sequence of pulses is
applied on the quantum actuator to construct a SWAP
gate between the actuator and the DF qubit. The geo-
metric arrangements of the spins simulated in the main
text are described as follows. rpq = 0.1635 nm, θpq =
0.45pi, φpq = 0, and rp−nv = 1.3 nm, θp−nv = 0.05pi,
φp−nv = 0.2pi. A concrete MW pulse sequence calculated
by GRAPE is shown in Fig. 6(a). The pulses are applied
along x and y alternately with various Rabi frequencies.
The total time is 150 µs and there are 100 pulses in the
sequence. The fidelity of the SWAP gate is 99.9% with-
out noises. In practice, inhomogeneity of ω1, denoted as
δ1, is one of the main noises in experiments. It mainly
comes from the control field error because of the static
fluctuation of the microwave power and the distortion
of the pulse owing to the finite bandwidth. Our pulse
sequence can resist to this noise as shown in Fig. 6(a).
Additionally, mechanical vibration of tips (quantum
actuator’s position) is also a source of noise. Here, me-
chanical stability can reach 10 pm or even smaller [1],
causing a variation at the level of 1% of the coupling be-
tween the actuator and DF qubits. For example, 10 pm
vibration of rp−nv (originally equal to 1.3 nm) causes a
coupling variation of 0.2 kHz (3% of B). With such a
error, the SWAP gate fidelity can still reach 99.4%.
0 50 100 150
-50
0
50
time (s)

1
 (
k
H
z)
 
 
x
y
(a)
(b)
0 50 100 150
-50
0
50
time (s)

1
 (
k
H
z)
 
 
x
y
-10 -5 0 5 10
0.92
0.94
0.96
0.98
1

1
/
1
 (%)
F
id
el
it
y
-10 -5 0 5 10
0.92
0.94
0.96
0.98
1

1
/
1
 (%)
F
id
el
it
y
FIG. 6. Pulse sequences for the SWAP gate. (a) The designed
pulse sequence for the SWAP gate between the quantum ac-
tuator and the DF qubit with the case of A = −12.7 kHz
and B = −6.0 kHz (left). The alternant pulses along x (blue)
and y (green) axes are applied on resonance of |0〉 ↔ |1〉 of
the quantum actuator. The total time is 150 µs and each
pulse is 1.5 µs. The pulse sequence can resist to the noise δ1
(right). (b) The designed pulse sequence for the SWAP gate
with the case of A = −5.2 kHz and B = −6.7 kHz (left) and
its robustness to δ1 (right).
This method is also appropriate for other values of
A and B. For the DF qubit with A = −5.2 kHz
and B = −6.7 kHz. The corresponding positions are
rpq = 0.1635 nm, θpq = 0.35pi. φpq = 0. rp−nv = 1.4 nm,
θp−nv = 0.07pi, φp−nv = 0.1pi. In Fig. 7(b), an example is
presented, a SWAP gate between the quantum actuator
and the DF qubit with high fidelity.
IV. RF PULSES
For the states of the nuclear spin pair initially out of
the DF subspace, resonant radio frequency (RF) pi pulses,
RF1 and RF2, are applied to turn them into the DF
subspace. The Hamiltonian of the RF pulses is
HRF,k =
√
2
2
ωRF cos(2piνkt)(I
p
x + I
q
x), k = 1 or 2, (15)
where k represents the RF pulses with different frequency
νk, and ωRF is the Rabi strength. In the bases of the
8eigenstates of nuclear spin pair, |T+1〉, |T−1〉, |T0〉 and
|S0〉, HRF,k can be rewritten as
HRF,k = ωRF cos(2piνkt)(|T+1〉〈T0|+ |T0〉〈T+1|
+|T−1〉〈T0|+ |T0〉〈T−1|)/2, k = 1 or 2.
(16)
RF pulses can cause the transitions between |T+1〉, |T−1〉
and |T0〉. We denote the energy splitting between |T±1〉
and |T0〉 as ∆1,2. The difference of ∆1 and ∆2 equals
three times of A, about 40 kHz here. ν1 is set equal to
∆1, and ωRF = 5 kHz is much smaller than 3A. Then a
RF1 pi pulse costing 100 µs will turn the state |T+1〉 to
|T0〉 without flips between |T−1〉 and |T0〉. The fidelity is
over 99%. RF2 is set similarly with ν2 = ∆2 to deal with
the initial state |T−1〉.
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FIG. 7. The CNOT gate between DF qubits. (a) The quan-
tum actuator locates between two qubits, qubit-1 and qubit-2,
with the corresponding coupling strength A1, B1 and A2, B2,
so as to realize a CNOT gate between the DF qubits. (b) B1
and B2 serve as functions of the displacement d. The distance
of 0.85 nm is taken as the example simulated in the main text
with B1 = 8.0 kHz and B2 = −3.7 kHz. (c) The CNOT
gate obtained in the main text can resist to δ1 noise, and the
maximum of the fidelity is 0.995.
V. QUANTUM GATES
For the process to construct a two-qubit gate between
DF qubits, the quantum actuator is located between two
qubits in order to achieve strong interactions with both
of them (Fig. 7(a)) The nuclear spins in two pairs are
denoted as P1, Q1, P2 and Q2. The coupling between
the quantum actuator and qubit-1 (qubit-2) is denoted
as B1 (B2). In the main text, we simulated a case of
A1 = −12.7 kHz and A2 = −5.2 kHz as an instance.
A is just related to the relative positions of the nuclear
spins. The position parameters of the two nuclear spin
pairs are rpq1 = 0.1635 nm, θpq1 = 0.45pi, φpq1 = 0 and
rpq2 = 0.1635 nm, θpq2 = 0.35pi, φpq2 = 0, respectively.
The distance between two pairs is 2 nm. the vertical
height h of the quantum actuator is set 1 nm. When the
quantum actuator moves from left to right, the couplings
with the DF qubits, B1 and B2, will vary accordingly.
Fig. 7(b) shows the changing curves of B1 and B2 as a
function of displacement d. When the actuator locates
near the mid-position, both the couplings are consider-
able, which is appropriate to construct a two-qubit gate
between DF qubits. We take the quantum actuator with
d = 0.85 nm as the example, in which B1 = 8.0 kHz and
B2 = −3.7 kHz. The CNOT gate obtained in the main
text can also resist to the noise δ1 as shown in Fig. 7(c).
Then we consider the influence of mechanical insta-
bility on quantum gates. The mechanical stability can
reach 10 pm or even smaller [1], which causes a variation
at the level of 1% of the coupling between the actuator
and DF qubits. For example, 10 pm vibration of rp−nv
causes a coupling variation of 0.2 kHz (3% of B), which
will slightly vary the evolution Hamiltonian of the DF
qubit, AILx + 2BSzI
L
z . In the simulation, with such an
instability, the deviation of the qubit’s evolution is be-
low 0.09%. So the influence of mechanical instability on
quantum gates can be ignored.
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